Meiotic reciprocal recombination (crossing over) was examined in the outermost 60-80 kb of almost all Saccharomyces cerevisiae chromosomes. These sequences included both repetitive gene-poor subtelomeric heterochromatin-like regions and their adjacent unique gene-rich euchromatin-like regions. Subtelomeric sequences underwent very little crossing over, exhibiting approximately two-to threefold fewer crossovers per kilobase of DNA than the genomic average. Surprisingly, the adjacent euchromatic regions underwent crossing over at twice the average genomic rate and contained at least nine new recombination ''hot spots.'' These results prompted an analysis of existing genetic mapping data, which showed that meiotic reciprocal recombination rates were on average greater near chromosome ends exclusive of the subtelomeres. Thus, the distribution of crossovers in S. cerevisiae appears to resemble that found in several higher eukaryotes where the outermost chromosomal regions show increased crossing over.
D URING meiosis pairs of homologous chromosomes
replicate, undergo reciprocal recombination (crossing over or chiasma formation), and then segregate during two distinct divisions, meiosis I and meiosis II. Reciprocal recombination between homologous chromosomes is essential for promoting proper segregation at meiosis I. Comparing genetic and physical maps from the yeast Saccharomyces cerevisiae showed that rates of meiotic reciprocal recombination (in centimorgans per kilobase) vary over the lengths of each chromosome Cherry et al. 1997) and that there are specific regions that crossover at high and low rates called hot and cold spots, respectively. Recombination hot spots that can also be defined by markers that exhibit high levels of gene conversion are frequently associated with nearby DNA double-strand break (DSB) sites, preferred chromatin structures preferentially cleaved during meiotic prophase by the product of the SPO11 gene (Nicolas et al. 1989; Malone et al. 1994; Lichten and Goldman 1995; Baudat and Nicolas 1997; Keeney et al. 1997) . Recombination cold spots have been found on many chromosomes, near most centromeres, and in both subtelomeric regions of at least one chromosome (Lambie and Roeder 1986; Kaback 1989; Cherry et al. 1997; Su et al. 2000; Barton et al. 2003; Kiburz et al. 2005) . While the mechanisms that prevent meiotic recombination within these regions are not known, the endmost 40 kb of most S. cerevisiae chromosomes, which includes most subtelomeric and some adjacent euchromatin-like DNA, appears devoid of prominent meiotic DSB sites detected using RAD50S mutations (Klein et al. 1996; Baudat and Nicolas 1997; Gerton et al. 2000) .
Regions near the ends of chromosomes of several higher organisms show higher recombination rates than more centric sequences (McKim et al. 1988; Villeneuve 1994; Barlow and Hulten 1998; Lander et al. 2001; Jensen-Seaman et al. 2004) . In contrast, S. cerevisiae crossovers appear to be more evenly distributed on each chromosome (Cherry et al. 1997) . However, few markers have been genetically mapped to the endmost 10% of most S. cerevisiae chromosomes. The endmost genetic marker averaged 45 kb from its telomere and was rarely mapped with respect to another nearby locus (Cherry et al. 1997) . Thus the meiotic reciprocal recombinational behavior of most S. cerevisiae chromosome ends has not been properly investigated.
The endmost DNA in S. cerevisiae is composed of $1 kb of (C 1-3 A) n telomere repeats adjacent to 10-30 kb of subtelomeric sequences. S. cerevisiae subtelomeric sequences are distinctly different from most of the genomic DNA because they are mostly repetitive and contain a low density of open reading frames (ORFs) that either are not expressed or are expressed at low levels (Pryde and Louis 1997; Velculescu et al. 1997; Wyrick et al. 1999) . Subtelomeric sequences compose $5% of the genome and are largely made up of repeated sequence elements termed W9, Y9 or X (Louis 1995; Pryde and Louis 1997) . The number, distribution, and arrangement of these elements vary among different chromosomes and in different strains. W9 and Y9 sequences contain some short ORFs but they are likely to be pseudogenes (Cherry et al. 1997; Winzeler et al. 1999; Barton et al. 2003) . Other ORFs contained within subtelomeric regions belong to repetitive gene families and appear to be nonessential for routine growth in the laboratory (Kaback et al. 1979; Winzeler et al. 1999; Wyrick et al. 1999) . For the purpose of this study, subtelomeric regions were considered to be the endmost sequences that were both repetitive and had a low density of open reading frames. Subtelomeric DNA from S. cerevisiae has been compared to the telomeric heterochromatin of higher organisms, which is also repetitive and contains few active genes. Apart from subtelomeric DNA, most of the S. cerevisiae genome is euchromatin-like, ''single-copy'' DNA containing a high density of genes, most of which are expressed during routine growth (Kaback et al. 1979; Velculescu et al. 1997; Wyrick et al. 1999) .
Low meiotic reciprocal recombination rates within the subtelomeres of the one chromosome investigated, chromosome I, did not appear to be dependent on relative chromosome position but were suggested to be due to sequence composition (Barton et al. 2003) . Since telomere proximal crossovers do not appear to promote efficient segregation (Ross et al. 1996) , it was suggested that one possible role of subtelomeric DNA is to prevent meiotic crossing over from occurring near chromosome ends (Barton et al. 2003) . The studies described here were designed to determine whether low rates of meiotic recombination were a property of all other S. cerevisiae subtelomeric sequences. Recombination also was examined in the endmost euchromatin-like regions where only a few genes had been genetically mapped. Almost all subtelomeric regions exhibited very low levels of reciprocal recombination while most of the regions that were immediately adjacent displayed very high recombination rates. These results prompted an investigation into the pattern of crossing over with respect to chromosome position.
MATERIALS AND METHODS
Yeast strains: All strains used in this study were derived from strain S288C. BY4741 (MATa, his3D1, leu2D0, ura3D0, met15D0) containing kanMX (G418 R ) replacements for the indicated open reading frames were obtained from Open BioSystems (Huntsville, AL). MATa, ura3-52 strains containing the S. cerevisiae URA3 gene inserted adjacent to individual telomeres were generously provided by Ed Louis. Specific telomere designations are listed in Table 1 (Louis and Borts 1995) .
Growth and genetic manipulation of yeast: Yeast were grown and genetically manipulated as previously described (Burke et al. 2000) . Diploids were sporulated 5-8 days on solid sporulation medium containing 2% (w/v) potassium acetate at 30°and asci were dissected using a Singer Instruments (Somerset, UK) MSM system. Premade media powders and G418 sulfate (final concentration 0.2 mg/ml) were from MP Biomedicals (Irvine, CA). Nourseothricin (NAT; final concentration 12.5 mg/ml) was from Werner BioAgents ( Jena, Germany).
Genetic calculations: The amount of recombination expressed in centimorgans was determined using the King formula in the Tetrads program (courtesy of J. Kans, NCBI, Bethesda, MD; Mortimer et al. 1989) . Linear regression analysis of recombination rates vs. chromosome position was carried out using Kaleidograph (Synergy Software, Reading, PA).
Molecular techniques: DNA manipulations were performed using standard techniques (Sambrook et al. 1989; Burke et al. 2000) or according to manufacturer's instructions (Applied Biosystems, Foster City, CA; New England Biolabs, Ipswich, MA). Hybridization probes were made using Multiprime 32 P-labeling (GE Healthcare, Piscataway, NJ) of PCR-amplified DNA templated from diploid S288C-159 X BY4741 (Dycl056TkanMX). Primers were AGCCTACCAAACGCAACCATTT and TAAAGT ATGGCAGGCCAACAAG for chromosome VL, position 8575-9175; ACGTAACAAGTGCCATAGATGC and TGGATGGAAGC TTGAGTCACAT for chromosome VL, position 28,745-29,074; ACGAGCGTCATATGTCTTTTGG and ACCAATGAAAATAGA GAACAAGG for chromosome VIIL, position 7485-8402; and CATATATGCCGACCCTAGTTTC and ATGCAGCCAGTGGT GAAACAAT for chromosome VIIL, position 27,055-27,976.
The central 189-bp region of the kanMX gene was replaced with NAT1 (NAT resistance) by constructing pLF320 by ligating a HindIII-BamHI fragment containing the 59-end of kanMX, a BamHI-SpeI fragment containing the NAT1 gene, and a SalISpeI fragment containing the 39-end of kanMX (Wach et al. 1994) into HindIII-SalI-linearized pBluescript II (Stratagene, La Jolla, CA). The kanMX fragments were obtained by PCR amplification of plasmid pFA6kanMX4 (Goldstein and McCusker 1999) using the 59-end primers GGGGAAGCTTGGGTAAGGA AAAGACTCACGTT and GGGGGGATCCCGTCCAGCGCATC AAACAATATTand the 39-end primers GGGGGACTAGTTTTGC CATTCTCACCGGATTCA and GGGGGTCGACCATCGAGCAT CAAATGAAACTGC, respectively. The kanMXTNAT1 gene was released from plasmid pLF320 using HindIII and SalI and introduced into S. cerevisiae by one-step gene replacement (Rothstein 1983) , selecting for NAT resistance and G418 sensitivity.
Physical localization of marked telomeres: URA3 and kanMX were localized to representative ends using blot hybridization to pulsed-field-gel-electrophoresis-separated whole chromosomes (CHEF; Bio-Rad Laboratories, Hercules, CA) and restrictionendonuclease-digested chromosomal DNA separated by conventional agarose gel electrophoresis calibrated using the 1-kb marker ladder (Invitrogen, Carlsbad, CA). In addition, telomere-marked strains routinely exhibited a telomere position effect for URA3 expression as described by Gottschling et al. (1990) .
RESULTS
Rates of meiotic reciprocal recombination near chromosome ends: To determine the amount of meiotic recombination in the endmost regions of all chromosomes, 32 strains marked with URA3 at a different telomere were each crossed to several strains marked with kanMX (G418 R ) inserted in place of a different nonessential gene located on the same chromosome. The amount of meiotic reciprocal recombination between the marker pairs was then determined by tetrad analysis (Table 1) . Genetic distances in centimorgans between different kanMX markers on the same chromosome were calculated by subtracting distances between adjacent intervals as described in Figure 1 . For chromosome IR, distances were analyzed using a copy of LEU2 located 2.5 kb from the telomere (Barton et al. 2003) because the URA3 telomere marker provided was not linked to any of the chromosome I kanMX markers tested. The results were plotted for all ends (Figure 2 ) except chromosome XVIL, which was not investigated because the URA3 telomere marker also was unlinked to the kanMX markers for this chromosome.
Very low reciprocal recombination rates were found in 29 of the 31 chromosome ends investigated while two regions (chromosomes VIIIL and XIIR) showed rates near the genomic average. The average recombination rate for the last interval analyzed at the end of each chromosome arm was 0.13 6 0.02 cM/kb. The average recombination rate for the entire length of each region judged subtelomeric on the basis of being repetitive and having a low gene density was slightly higher-0.15 6 0.05 cM/kb. An identical average was found when only the endmost repetitive sequences were included as subtelomeric. The average recombination rate for the somewhat larger regions at the ends of chromosomes that had only a low ORF density was slightly but not significantly higher, 0.20 6 0.03 cM/kb. At ends where the subtelomeric region comprised more than one analyzed genetic interval, the more internal parts of the subtelomeric sequences exhibited somewhat higher recombination rates than more distal sequences. Chromosome VIIIL appeared to undergo recombination at close to the average genomic rate in its most distal interval and at a very high rate at the internal border of its repetitive region. There were no significant differences in the mean recombination rates in subtelomeric regions that contained Y9 sequences (0.19 6 0.06 cM/kb) and those that did not (0.12 6 .03 cM/kb). The majority of any difference was due to the relatively high rate of recombination on chromosome VIIIL, which contains Y9. Excluding this chromosome end produced near equal average values (0.14 6 .03 cM/kb and 0.12 6 .03 cM/kb). Finally, large and small chromosomes appeared to behave similarly.
When recombination was examined in the $20-to 60-kb euchromatin-like regions that lie adjacent to the subtelomeric DNA, the average rates jumped to 0.85 6 0.13 cM/kb, more than twice the genomic average of 0.37 6 0.06 cM/kb. Twenty-six of the 31 ends investigated underwent recombination at significantly higher rates than the genomic average (.2 SDs . 0.37 6 0.06 cM/kb); 4 (IIL, VIR, VIIR, and XIR) were equal to or slightly above average; and 1, chromosome XIIL, could not be examined due to a lack of appropriate internal markers. Recombination rates at chromosome ends IIIL and XIR remained low beyond where subtelomeric repeats appeared to end and then exhibited greatly increased recombination (1.0 and 1.2 cM/kb, respectively) $25 kb farther down the chromosome. Sequences adjacent to subtelomeres that contained Y9 sequences behaved identically to those that were adjacent to subtelomeres that lacked Y9 sequences. Of the 26 ends that recombined at higher-than-average rates, 10 contained intervals that underwent recombination at .1 cM/kb while another 9 contained intervals that exhibited unusually high recombination rates (1.5-3.6 cM/kb) and appear to define new hot spots ( Table 2 ). The rates in these hot spots were equal to or greater than those observed for previously identified recombination hot spots (Coleman et al. 1986; Kaback et al. 1989; Nicolas et al. 1989; Malone et al. 1994; Fan et al. 1995; Lichten and Goldman 1995; Cherry et al. 1997) . For four of the new hot spots-VL, VIIL, VIIIR, and XR-high recombination rates were confirmed with multiple crosses utilizing adjacent open reading frames. Seven of the nine new hot spots were on small chromosomes, a property shared with all the previously identified ones. Nevertheless, two were on large chromosomes, IV and VII. In summary, average reciprocal recombination rates appear two-to threefold lower than the genomic average in the subtelomeric regions and two-to threefold higher than the genomic average in the immediately adjacent centromere-proximal euchromatin-like regions.
Recombination rates are unaffected by inserted markers: To ensure that the hemizygous inserted kanMX gene had no significant effect on recombination, NAT1 was substituted for it at several locations on chromosomes VII and VI and recombination was examined. No significant differences were observed in any of the substitutions ( Figure 3 ). Next, kanMX was inserted at two locations between ADE1 and PHO11 on chromosome I. The total amount of recombination between the outer Figure 1 .-Genetic mapping near chromosome ends. The amount of recombination (in centimorgans) between the telomeric URA3 and each kanMX insert in a nonessential gene was determined by tetrad analysis. The amount of recombination between the two kanMX markers (distance C) was estimated by subtracting distance A from distance B. ORFs are represented by solid boxes and telomeres by arrowheads. The structure of the $5-kb plasmid pEL61 used to mark all telomeres that was integrated into the C (1-3) A telomeric repeats (Louis and Borts 1995) is shown. Vector sequences are denoted by the hatched lines and telomeric repeat sequences by the arrowheads. Tetrad analysis was carried out for each telomeric URA3-kanMX interval as described in Figure 1 . Routinely sporulation efficiency was $60%
and spore viability was .95%.
a URA3 integrated at telomeres on noted chromosome arms. Numbers in parentheses indicate strain designations (Louis and Borts 1995) .
b
All kanMX disruptions were in strain BY4741.
c Distance from telomere to proximal end of gene (Cherry et al. 1997 ).
d PD, no. of parental ditype asci; NPD, no. of nonparental ditype asci; T, no. of tetra-type asci.
e Centimorgans 6 SE was determined as described in materials and methods.
f
The amount of recombination expressed in centimorgans and physical distance between adjacent markers was calculated as described in Figure 1 . Intervals considered subtelomeric on the basis of being repetitive and having a low ORF density.
i Chromosome IR end was defined using pho11TLEU2 located 2.5 kb from the telomere (Kaback et al. 1999; Barton et al. 2003) .
j Chromosome ends containing Y9 sequences.
markers was the same in all crosses and was approximately equal to both the published values (Kaback et al. 1992; Cherry et al. 1997) and the value obtained when the kanMX marker was substituted for ADE1 (yar015TkanMX). Likewise, kanMX inserted between the URA3-marked telomere and YGL248W (ygl248WTNAT1) Cherry et al. 1997) . Low ORF density was arbitrarily defined as sequences that contained ,60% ''non-dubious'' ORFs (as listed in SGD) using a 20-kb sliding window. ND, not determined. For chromosome IL, all displayed data but the leftmost interval are from prior studies that included the intervals iHIS3-iTRP1-23, iTRP1-23-pURA3, and pURA3-pyk1 (Su et al. 2000) . or YFR039 (yfrl039TNAT1) on chromosomes VII and VI had no apparent effect on the total amount of recombination between the outer markers. Thus, insertion of a hemizygous kanMX marker appears to have little to no impact on the amount of reciprocal recombination. These results confirm previous studies using other hemizygous markers (Su et al. 2000) . Analysis of previously mapped genetic intervals: Observing higher rates of crossing over near such a large number of chromosome ends suggested that S. cerevisiae chromosomes might behave similarly to those of higher organisms where the distal sequences recombine more than centric ones ( Jensen-Seaman et al. 2004) . Data from the Saccharomyces Genome Database (SGD) where genes had been both physically and genetically mapped were examined to determine whether there was a chromosome position-dependent relationship. Recombination rates between physically mapped genes were analyzed both as a function of absolute (in kilobases) and relative (fraction of chromosome length) distance from the ends of chromosomes (Figure 4 , A and B, and supplemental Tables S1 and S2). SGD data entries where ,100 tetrads were analyzed and intervals ,2 kb in length in which ORF center-to-center distance would not accurately reflect physical distance between allele locations were excluded to minimize sampling and positioning errors, respectively. While individual recombination rates were highly variable at any given position, regression analysis revealed a significant negative slope (P , 0.001) that shows that overall recombination rates decrease with distance from the end of the chromosome. When the included physical distance from the telomere was varied, the slope of the regression was steepest using the first 200 kb and then the steepness decreased as the included distance increased ( Figure 4C) . A significant negative slope (P ¼ 0.0011) was similarly found when relative distances from the telomere were examined ( Figure 4B ). This analysis included all mapped intervals where sufficient asci were analyzed. None of the above results were affected by low rates of recombination found near centromeres because excluding those intervals that included or spanned centromeres had no significant effect on the magnitude of the observed negative slope. The results that utilized only previous genetic mapping data demonstrate that there is increased recombination in the distal parts of yeast chromosomes. When the nonsubtelomeric recombination mapping studies generated using the marked telomeres were combined with the previous data, slopes of each regression were somewhat steeper, which would be expected from the inclusion of the more distal sequences (Figure 4, A and B) . In addition, recombination rates in previously investigated regions that overlapped with those investigated here were in agreement, supporting the overall accuracy of the new studies (data not shown).
Gene conversion of the inserted kanMX marker: Gene conversion rates of the inserted kanMX sequence were examined with respect to chromosome position (Table  1) . The average rate was 1.8 6 0.2% but no position dependent pattern was evident. (Figure 5) . Notably, all but one of the new recombination hot spots were defined by a kanMX marker that exhibited a significantly higherthan-average (P , 0.0005) rate of gene conversion, suggesting a nearby DSB site (Table 2) . Furthermore, four of the five kanMX markers showing the most gene conversion were associated with one of the newly defined reciprocal recombination hot spots (YAR023C, YDL222C, YEL065W, and YGL254W). The high conversion rates in kanMX were 3-12%, somewhat lower than the 8-15% found for previously described hot spots (Lichten and Goldman 1995) . However, comparison is not warranted since these gene conversions involve hemizygous insertions rather than simple mutations.
Molecular analysis of chromosome ends: To confirm both the location of the inserted markers and the isogenicity of the telomere-marked S288C and BY4741 kanMX haploids, DNA blot hybridizations were carried out on several representative regions, including the 40-kb regions near the left ends of chromosomes V and VII. Figure 6 shows that URA3 and kanMX are integrated at their correct locations and that there are no restriction fragment length polymorphisms other than those generated by the inserts for the four noted endonucleases. Similar analyses for the last 20-40 kb on chromosomes IIIL and R, XR, and XIVL produced analogous results (data not shown). Thus, the strains that are both S288C derived appear identical within the regions examined, making it likely that they were indeed very nearly, if not completely, isogenic.
DISCUSSION
Meiotic recombination at the ends of S. cerevisiae chromosomes has been investigated. Subtelomeric sequences showed two-to threefold lower-than-average Figure 4 .-Increased meiotic reciprocal recombination near chromosome ends. Recombination rates (centimorgan/kilobase) of small-to medium-size physical intervals (2-100 kb ORF center to ORF center distance) were determined from existing SGD data and plotted as a function of (A) physical distance (kilobases) or (B) relative distance (fraction of total chromosome length) of the end of the interval to the telomere. Solid diamonds and solid linear regression trend lines represent SGD data. Open squares show all nonsubtelomeric data from this study. Regions were excluded as subtelomeric if they were both repetitive and had a low density of genes as defined in Figure 2 . Dashed linear regression trend lines represent SGD data combined with data from this study. (C) Recombination rates decrease with increasing distance from the end of the chromosome. The slopes 6SE of the linear regressions measuring recombination rates vs. physical distance from the telomere were determined at the noted included distances from the telomere. All data are from supplemental Tables S1 and S2 and Table 1 . rates (centimorgans/kilobases) of reciprocal recombination while the adjacent euchromatin-like regions had twofold higher-than-average rates. In light of these results, the genomic crossover distribution in S. cerevisiae was investigated using previous genetic and physical mapping data. Surprisingly, the distribution of crossovers appeared similar to that seen for many other higher organisms where the distal parts of chromosome arms not including the subtelomeric regions exhibit high rates of crossing over.
Determining recombination rates on each chromosome involved measuring the amount of recombination between a fixed telomeric URA3 marker and a heterozygous kanMX insertion located at several more centric positions. The amount of recombination between each insertion marker was then calculated by subtraction. The number of asci analyzed was selected to produce relatively small standard errors except for the endmost intervals, which showed very little recombination and produced proportionately larger errors. Nevertheless, very low recombination rates were evident in 29 of the 31 endmost subtelomeric intervals investigated and no end underwent higher-than-average levels of recombination.
As all strains except one were isogenic, the level of consistency in the amount of recombination between marker pairs could be analyzed. It is evident that most recombination is occurring in the subtracted intervals that show the greatest changes in centimorgan value. Without exception, the amount of recombination on each chromosome increased with increasing physical size of the interval. Furthermore, there were 19 overlapping adjacent or nearby interval pairs where the centimorgan 6SE value between URA3 and kanMX showed no significant difference between each pair (Table 1) . In all 19 pairs, the larger physical interval exhibited the marginally greater centimorgan value. If the relative values obtained for centimorgan 6SE were completely subject to random statistical fluctuation, the probability of obtaining this degree of consistency is 2 À18 (10
À6
). Accordingly, the observed variance of these overlapping interval values cannot be viewed as independent; i.e., the marginally larger physical interval always exhibits more recombination than the smaller interval. Therefore, it is incorrect to apply the sum of the standard errors to the value obtained by subtraction. Thus, while SEs are shown for each URA3-kanMX interval, the standard method for determining the error in the sizes of the subtracted intervals has been purposely omitted as improper. Furthermore, three point crosses and marker substitution experiments on three different chromosomes confirmed the consistency of the results and validated the subtractive method used for determining recombination rates. Nevertheless, small incremental increases are certain to be subject to greater errors than large increases, but the overall patterns are certain to be an accurate representation of the recombination behavior for each chromosome.
All subtelomeric ends, with the exception of those located on chromosomes VIIIL and XIIR, exhibited very low reciprocal recombination rates. The most distal available kanMX marker on chromosome XIIR was actually in the euchromatin-like region, making it possible that its subtelomeric recombination rate was lower as well. The outermost chromosome VIIIL interval borders the unique region but appears to have a recombination hot spot that lies within its subtelomeric region. Perhaps this hot spot represents a more centric DSB site that resolves into a more distal crossover. Alternatively, these results could simply represent an anomaly for these specific subtelomeric DNA sequences.
The pattern of crossing over in almost all subtelomeric regions was similar and resembled that previously found for chromosome I (Su et al. 2000) . There was very little recombination in the outermost interval and rates increased with distance from the telomere. While such a gradient might suggest a telomere position effect, translocation experiments on chromosome I suggested otherwise and that subtelomeric sequences themselves were nonrecombinogenic (Barton et al. 2003) . This pattern might reflect sequence differences between the outer and inner parts of the subtelomeric regions or that crossovers initiated within the adjacent euchromatin-like gene-rich regions are capable of resolving within the subtelomeric sequences. Either way, there was little crossing over within the endmost 10-20 kb of most chromosomes. These results are consistent with our suggestion that subtelomeric sequences prevent the occurrence of nonfunctional crossovers (Barton et al. 2003) .
Surprisingly, 26 of 31 euchromatin-like regions that were either adjacent or close to the subtelomeric sequences underwent crossing over at higher-than-average rates. On average, these sequences recombined at twofold greater rates than the genomic average and included nine new discrete recombination hot spots with rates that were equal to or greater than those found for previously reported hot spots. The new hot spots were almost all associated with high levels of kanMX gene conversion, suggesting that the inserted marker might be close to a DSB site.
When the available genomic reciprocal recombination data were analyzed for position-dependent relationships, distal parts of chromosomes exclusive of subtelomeric sequences also underwent more recombination than centric regions. These observations were not the result of centromeric inhibition of crossing over, which produces a much more localized effect. When plotting recombination rates against physical distance from the telomere, the steepness of the observed slopes diminished when the length of the included physical distance was increased. When the data for each chromosome were analyzed individually, 15 of 16 exhibited similar behaviors where linear regression produced negative slopes but available data were insufficient to produce a significant conclusion for about one-third of the chromosomes (data not shown). Similarly, the steepness of the individual chromosome slopes decreased with increased chromosome size, an effect that might be related to the chromosome size effect on recombination (Kaback et al. 1992; Cherry et al. 1997) . These results are also consistent with a proposed long-range telomere effect that produces increased meiotic DSB formation 50-100 kb from the end of a chromosome as proposed by Blitzblau et al. (2007) . Thus, this effect might produce the overall increase in recombination rate observed in distal regions.
The final estimate of the total genetic map length was $4500 cM (Mortimer and Schild 1985) . The new additions extend this length by $400 to $4900 cM. This extension increases the average recombination rate based on dividing the total map length by the size of the sequenced genome (1.21 Mb) by an equivalent amount from 0.37 to 0.40 cM/kb. Additional crossing over near chromosome ends is similarly supported by genomic array data analyzing crosses between more divergent strain backgrounds (J. Fung, personal communication).
DSB sites mapped using RAD50S mutants were not observed within 40 kb of all chromosome ends and only one of the new hot spots described here included or was located within $9 kb of one of these sites. Recent studies mapping the DSB sites in dmc1 mutant cells suggested that there were many additional DSB sites that mapped much closer to the ends of most chromosomes (Blitzblau et al. 2007; Buhler et al. 2007) . The results presented here suggest that these DSB sites could be used to promote some of the crossing over observed here. However, it should be pointed out that many of the new DSB sites are located within regions that did not show high rates of reciprocal recombination.
Most of the newly defined recombination hot spots are on one of the smaller S. cerevisiae chromosomes as are all the previously characterized hot spots. In addition, the kanMX marker with the highest level of gene conversion was on the second smallest chromosome (VI). This distribution is consistent with the higher overall recombination rates found on the smaller chromosomes Riles et al. 1993) . Nevertheless, two of the new hot spots were on large chromosomes, including one on chromosome IV, the largest in S. cerevisiae.
The studies presented here suggest that the ends of S. cerevisiae chromosomes excluding subtelomeric sequences show higher rates of recombination than more centric regions. This relationship appears to be found in many organisms and might reflect a chromosome position-dependent effect on crossing over. The nature of such an effect is not known. However, it could be the result of telomere clustering and the bouquet arrangement at the leptotene/zygotene transition, which bring the endmost homologous sequences in closer proximity to each other than homologous sequences located elsewhere on the chromosome (Trelles-Stricken et al. 1999) . Such juxtaposition could enhance crossing over. Alternatively, higher crossover frequencies near chromosome ends could be the result of crossover interference, which has been suggested to spread the distribution of crossovers distally in higher eukaryotes (Lawrie et al. 1995; Barlow and Hulten 1998; Froenicke et al. 2002) .
Paradoxically, chiasmata that form near the ends of both S. cerevisiae and Drosophila chromosomes do not appear to promote efficient segregation (Koehler et al. 1996; Ross et al. 1996) . Indeed, such crossovers that form near the ends of chromosomes have been suggested to be associated with a significant fraction of chromosome 21 trisomies in humans (Down's syndrome) (Sherman et al. 1994; Lamb et al. 1997) . We suggested that subtelomeric sequences prevent crossovers from occurring too close to the ends of chromosomes. However, it is not known whether the newly discovered recombination hot spots are sufficiently far from the ends to produce chiasmata that promote efficient segregation. Therefore, a better understanding of the role of meiotic recombination at chromosome ends is warranted.
